INTRODUCTION
============

Polycomb group (PcG) proteins are highly conserved chromatin regulatory factors that play fundamental roles in several physiological processes attributed to their ability to repress transcription ([@R1]). Alterations affecting PcG proteins, including point mutations, overexpression, gene amplifications, and deletions, have been characterized as drivers of specific cancer subtypes ([@R2]). Among the catalog of PcG genetic alterations, chromosomal translocations resulting in chimeric fusion proteins are the least well understood. The first reported chromosomal translocation involving a PcG gene was a recurrent t(7;17)(p15;q21) that fuses the N-terminal region of the *JAZF1* zinc finger protein to the Polycomb repressive complex 2 (PRC2) subunit *SUZ12* ([@R3]). This chromosomal translocation is found specifically in endometrial stromal sarcomas (ESSs), and the resulting fusion protein retains the ability to form a complex with other core PRC2 subunits such as EZH2 and EED ([@R4]).

After identification of the JAZF1-SUZ12 chromosomal translocation, many other PcG fusions were uncovered in the ESS ([@R5]). It is now evident that most of the ESS-associated translocations involve genes belonging to the NuA4 acetyltransferase complex and PcG proteins (mainly PRC2 subunits). For instance, t(6;10)(p21;p11), t(1;6)(p34;p21), and t(5;6)(q31;p21) found in ESS specimens create the *EPC1-PHF1*, *MEAF6-PHF1*, and *BRD8-PHF1* fusion proteins, respectively. EPC1, MEAF6, and BRD8 are all subunits of the NuA4 complex, whereas PHF1 is a subunit of PRC2 ([@R2]*,* [@R6]). As for the aforementioned JAZF1-SUZ12 fusion, many ESS chromosomal translocations contain *JAZF1* as the 5′ fusion partner of a PcG gene, such as t(6;7)(p21;p15) fusing *JAZF1* and *PHF1*, and t(7; X)(p15; q26.1) fusing *JAZF1* and *BCORL1* ([@R7]). Recently, a chromosomal translocation t(X; 17)(p11.2; q21.33) between the NuA4 subunit gene *MBTD1* and the uncharacterized gene *CXORF67* was reported ([@R8]). In low-grade ESS, *JAZF1* and *CXORF67* are the only two reported genes involved in chromosomal translocations whose protein products have not been fully biochemically characterized.

While investigating the biochemical properties of the *JAZF1* and *CXORF67* ESS-associated fusions, we identified JAZF1 as a new subunit of the NuA4 acetyltransferase complex. In addition, we found that both CXORF67 and the MBTD1-CXORF67 fusion protein interact with PRC2. This further reinforces the notion that ESS-associated fusion proteins are characterized by the presence of an N-terminal NuA4 component and a C-terminal PcG subunit. We found that CXORF67 and the MBTD1-CXORF67 fusion protein were able to strongly decrease the catalytic products of PRC2, namely, H3K27me2/3. Because of this property, we have given this gene the name *CATACOMB* (catalytic antagonist of Polycomb). The *CATACOMB* gene is poorly conserved across metazoans; however, careful analysis of the 3′ portion contained in the MBTD1-CATACOMB fusion revealed a short stretch of amino acids that is highly conserved among eutherian mammals. This region contains a methionine flanked by amino acid sequences that resemble the H3K27M PRC2 inhibitory mutant histone, suggesting that this sequence may mediate CATACOMB suppression of PRC2 activity. Remarkably, a single amino acid substitution of this methionine in CATACOMB completely abolishes its ability to reduce H3K27me2/3 levels but does not disrupt its interaction with PRC2. We also found that *CATACOMB* expression is silenced through DNA methylation, and upon treatment with DNA demethylating agents, CATACOMB is expressed, binds to PRC2, and inhibits its H3K27 methyltransferase activity. Our data support an unexpected H3K27M-like activity for the inducible CATACOMB in the regulation of PRC2 catalytic activity.

RESULTS
=======

JAZF1 is a new NuA4-interacting protein
---------------------------------------

To investigate the biochemical characteristics of the JAZF1-SUZ12 fusion protein, we isolated primary human endometrial stromal cells (hEnSCs) from a normal uterus ([@R9]). Using lentivirus-mediated transduction, we expressed a hemagglutinin (HA)--FLAG--tagged version of the JAZF1-SUZ12 fusion or JAZF1 full-length protein in primary hEnSC at low passages (fig. S1A). Mass spectrometry analysis of proteins associated with the JAZF1-SUZ12 fusion identified several known subunits of both the NuA4 and PRC2 complexes ([Fig. 1A](#F1){ref-type="fig"}). In contrast, JAZF1 full length associates with NuA4 subunits but not PRC2, thus demonstrating that JAZF1 mediates interaction with NuA4 ([Fig. 1A](#F1){ref-type="fig"}). As an additional control, we performed immunoprecipitation (IP) of SUZ12 full length, which does not interact with NuA4, but does, as expected, coimmunoprecipitate PRC2 subunits ([Fig. 1A](#F1){ref-type="fig"}). Our mass spectrometry data did not detect EZH2, the main catalytic subunit of PRC2, in association with JAZF1-SUZ12; however, Western blot analyses were able to confirm this expected interaction (fig. S1B and table S1). We also validated the interaction between JAZF1 or JAZF1-SUZ12 fusion protein and several members of the NuA4 complex by Western blotting ([Fig. 1B](#F1){ref-type="fig"}). We were able to demonstrate that JAZF1-SUZ12 mediates an interaction between the PRC2 and NuA4 complexes, as demonstrated by the interaction between the PRC2 subunit EZH2 and the NuA4 subunit TRRAP, specifically in the JAZF1-SUZ12--expressing cells (fig. S1C).

![JAZF1 and CATACOMB are a NuA4 and a PRC2 subunit, respectively.\
(**A**) Schematic representation of mass spectrometry data obtained from FLAG IPs from hEnSC wild type (WT) (CTRL), expressing the HA-FLAG versions of the JAZF1-SUZ12 fusion protein, SUZ12, or JAZF1. Numbers represent spectral counts. The far-right columns list the protein identification symbols. JAZF1 and SUZ12 (or JAZF1-SUZ12 in the fusion-expressing cells) are shown in white type face, as are the numbers for their spectral counts obtained in each experiment. The previously identified subunits for NuA4 are indicated. (**B**) FLAG-IP in HCT-116 cells that are either WT or express HA-FLAG versions of the JAZF1-SUZ12 fusion protein, full-length SUZ12, or full-length JAZF1. Ten percent of the input and 50% of the IP material were loaded for Western blot analysis. Antibodies used for Western blotting are indicated in the panel. (**C**) Schematic representation of the MBTD1-CATACOMB putative fusion protein including the domain previously reported. Numbers in black represent the amino acid residues. The MBTD1 portion is in blue, and the CATACOMB portion is in red. (**D**) FLAG-IP in 293T cells WT (−), expressing HA-FLAG versions of the MBTD1-CATACOMB putative fusion protein, full-length MBTD1, or full-length CATACOMB. Ten percent of the input and 50% of the IP material were loaded for Western blot analysis. Antibodies used for Western blotting are indicated in the panel. (**E**) Western blotting of chromatin extracts from cells described in (D). Antibodies used for Western blotting are indicated in the panel. Histone H3 (H3) served as a loading control.](aax2887-F1){#F1}

CATACOMB decreases H3K27me2/3 levels through a highly conserved sequence
------------------------------------------------------------------------

We next investigated the biochemical properties of the MBTD1-CATACOMB fusion protein. It was recently reported that in glioma cells, CATACOMB interacts with PRC2, and its overexpression or deletion can decrease or increase, respectively, the H3K27me3 levels in the cells ([@R10]). The MBTD1-CATACOMB fusion protein contains the majority of the MBTD1 protein sequence (lacking only the final 39 residues) fused to the C-terminal half of CATACOMB (amino acid 254 to 503) ([Fig. 1C](#F1){ref-type="fig"}) ([@R8]). As the JAZF1-SUZ12 fusion retains the ability to be incorporated into PRC2 through the SUZ12 moiety, we hypothesized that the putative fusion protein MBTD1-CATACOMB might have the same ability through the CATACOMB portion. Since there is no biological source available to obtain the *MBTD1-CATACOMB* complementary DNA (cDNA), we generated a cDNA based on the predicted fusion sequence ([@R8]). We then generated cells stably expressing an HA-FLAG--tagged version of MBTD1, CATACOMB, or the fusion MBTD1-CATACOMB. IP of these proteins shows that the MBTD1-CATACOMB fusion protein is able to interact with EZH2 ([Fig. 1D](#F1){ref-type="fig"}). The putative fusion MBTD1-CATACOMB is also able to interact with subunits of the NuA4 complex, further suggesting the propensity of the ESS chromosomal translocation to create an aberrant NuA4-PRC2 supercomplex.

The MBTD1-CATACOMB putative fusion protein retains the ability to decrease the H3K27me2 and H3K27me3 levels similar to CATACOMB, while MBTD1 overexpression has a minor effect on the levels of these two histone marks ([Fig. 1E](#F1){ref-type="fig"}). These results indicate that the C-terminal region of CATACOMB contained in the MBTD1-CATACOMB putative fusion is most likely responsible for binding to PRC2 and for the decrease of H3K27me2/3 levels. To investigate this hypothesis, we looked into possible protein domains that might be functionally important for CATACOMB molecular activity. The only previously described domain for CATACOMB is the serine-rich domain that is also retained in the MBTD1-CATACOMB putative fusion protein ([Fig. 1C](#F1){ref-type="fig"}) ([@R8]). Despite minimal overall conservation of the CATACOMB gene ([@R10]), a small region that is C-terminal to the serine-rich domain is well conserved across eutherian mammals ([Fig. 2A](#F2){ref-type="fig"} and fig. S2, A and B) ([@R11]).

![A conserved region in CATACOMB is responsible for H3K27me2/3 global reduction.\
(**A**) Schematic representation of the *CATACOMB* gene locus with PhyloP-generated scores in hg19 genome assembly. Negative scores are represented by red tracks for predicted acceleration, and positive scores are represented by blue tracks, for predicted conservation in 100 vertebrates (Vert.) (species list can be found in the University of California Santa Cruz genome browser). Top: The green box indicates the highly conserved region named CONS. Bottom: A zoom-in of the CONS region at DNA and amino acid levels. The red box indicates the four amino acid residues, including M406, that resemble the sequence surrounding the H3K27M mutant histone, which is shown below for comparison. (**B**) Western blotting of total cell extracts from SV40 immortalized hEnSC WT (−) expressing CATACOMB, CATACOMB without the CONS domain (ΔCONS), and CATACOMB containing a methionine-to-lysine mutation in position 406 (M406K). Antibodies used for Western blotting are indicated in the panel. H3 served as a loading control. (**C**) Western blotting of total cell extract from 293T cells (−) or 293T cells expressing CATACOMB or the CATACOMB M406K mutant. Antibodies used for Western blotting are indicated in the panel. H3 served as a loading control. (**D**) FLAG-IP in 293T cells that are WT or express FLAG-HA EZH2. In both cells lines, we expressed untagged CATACOMB, CATACOMBΔ CONS, or CATACOMB M406K. Ten percent of the input and 50% of the IP material were loaded for Western blot analysis. Antibodies used for Western blotting are indicated in the panel. (**E**) FLAG-IP in mESCs that are either WT or *Ezh2*Δ*SET*. In both cells lines, we expressed FLAG-HA CATACOMB. Cells with no FLAG-HA CATACOMB expression were used as negative control (−). Five percent of the input and 30% of the IP material were loaded for Western blot analysis. Antibodies used for Western blotting are indicated in the panel. (**F**) Western blotting of chromatin extracts from cells described in (E). Antibodies used for Western blotting are indicated in the panel. H3 served as a loading control.](aax2887-F2){#F2}

To test whether the conserved C-terminal region mediates the effect of CATACOMB on H3K27me3 levels, we generated cells expressing a mutant lacking the conserved region from residue Pro^399^ to Phe^418^ (ΔCONS). These cells show H3K27me3 levels comparable to those observed in wild-type cells, while full-length CATACOMB-expressing cells show very low levels of H3K27me3 ([Fig. 2B](#F2){ref-type="fig"}). These results strongly suggest that this conserved region is crucial for CATACOMB's ability to reduce global H3K27me3. A closer examination of the amino acid sequence of the conserved region revealed a methionine residue (M406) within an amino acid sequence that resembles the residues around the Met^27^ in the H3K27M histone mutant ([Fig. 2A](#F2){ref-type="fig"}). Since expression of H3K27M also globally reduces H3K27me2/3 levels ([@R12]), we hypothesized that Met^406^ in CATACOMB might have a similar role. Generation of cells expressing a mutant CATACOMB with M406 substituted with lysine (M406K) shows similar H3K27me2/3 levels to those observed in either wild-type cells or cells expressing CATACOMB ΔCONS ([Fig. 2, B and C](#F2){ref-type="fig"}). Similar to the lysine-to-isoleucine substitution at the H3K27 (H3K27I) that could inhibit PRC2 activity similarly to H3K27M ([@R13]), CATCOMB M406I is able to decrease H3K27me3 levels when expressed in 293T cells (fig. S3A). However, unexpectedly, an alanine substitution at the 406 residue of CATACOMB (M406A) retains the ability to reduce H3K27me3 levels similarly to wild-type CATACOMB or CATACOMB M406I (fig. S3A). This differs from the H3K27A histone mutant, which does not reduce H3K27me2/3 levels in cells ([@R13]). These results demonstrate that the conserved M406 in the human CATACOMB protein is a key residue that mediates the global reduction of cellular H3K27me2/3 levels.

CATACOMB and its C-terminal region included in the MBTD1-CATACOMB putative fusion protein are able to interact with PRC2 ([Fig. 1D](#F1){ref-type="fig"}). To understand whether and how this biochemical interaction could be responsible for CATACOMB's ability to reduce the global levels of H3K27me2/3, we performed co-IP between EZH2 and the mutant CATACOMB versions described above. Both the M406K and the ΔCONS mutants were able to interact with EZH2, indicating that neither M406 nor the conserved domain is essential per se for the interaction between CATACOMB and PRC2 ([Fig. 2D](#F2){ref-type="fig"}). Further exploring what part of CATACOMB is required for the binding to PRC2, we generated two CATACOMB mutants lacking either portion of the protein between the fusion breakpoint and the conserved domain (PRE CONS) or the part after the conserved domain (POST CONS) (fig. S3B). Both the mutants retain both EZH2-binding property and the ability to reduce H3K27me2/3 levels (fig. S3, C and D). Therefore, while the conserved domain and M406 are sufficient for reducing H3K27me2/3 levels, they are dispensable per se for CATACOMB binding to the PRC2. Therefore, our data, using different mutants, suggest multiple CATACOMB-PRC2--binding sites. To further interrogate the mechanism of CATACOMB interaction, we tested its interaction with a mutant PRC2 complex. We expressed Flag-tagged CATACOMB in wild-type mouse embryonic stem cells (mESCs) or ESCs with a homozygous deletion of the Ezh2 SET methyltransferase domain (*Ezh2^ΔSET^*) ([Fig. 2, E and F](#F2){ref-type="fig"}). As in our previous experiments, CATACOMB expression in mESCs is associated with a marked reduction in H3K27me2/3 levels ([Fig. 2F](#F2){ref-type="fig"}). Co-IP experiments revealed that CATACOMB is able to bind both the wild-type Ezh2 containing PRC2 and *Ezh2^ΔSET^* PRC2 ([Fig. 2E](#F2){ref-type="fig"}). We also noticed that in these cells, CATACOMB can also interact in an EZH2 SET domain--dependent fashion with JARID2 and AEBP2, two PRC2 accessory subunits, while EZH2 binding to JARID2 is independent of its SET domain ([Fig. 2E](#F2){ref-type="fig"} and data not shown) ([@R2]). This indicates that the CATACOMB binding to the core subunits EZH2 and SUZ12 does not require the EZH2 SET domain, which is instead required for CATACOMB binding to the PRC2 accessory subunits JARID2 and AEBP2.

The *CATACOMB* gene is a DNA demethylation--inducible PRC2 subunit
------------------------------------------------------------------

Since the first composition of PRC2 was identified, many subunits have been reported to be previously unidentified stoichiometric or substoichiometric components of the complex ([@R2], [@R14]). AU022751, the mouse homolog of CATACOMB, was initially found as an EZH1 (EZH2 ortholog)--interacting protein in mESCs, although the interaction was not further investigated ([@R15]). In that study, they used mESCs grown in serum-containing media; however, the expression of *Au022751* is undetectable in mESCs grown in serum-free 2i media (fig. S4A) ([@R16]). Since mESCs grown in the presence of serum are more prone to spontaneously differentiate, to a degree that depends on several factors ([@R17]), it is plausible that AU022751 is expressed only in a subset of the spontaneously differentiated cells. This would reduce the chance of AU022751 being identified as a PRC2-interacting protein and would also explain why numerous other PRC2 biochemical studies in mESCs failed to report this interaction. PRC2 has been purified from several human cell lines, yet CATACOMB was never reported as a PRC2-interacting protein ([@R18]) until the very recent study that purified PRC2 subunits from U2OS and DAOY cancer cell lines ([@R10]). This is likely due to the lack of *CATACOMB* expression in most of the cell lines that were used to purify PRC2 subunits in the earlier studies. Following this hypothesis, we examined *CATACOMB* levels in the Cancer Cell Line Encyclopedia (CCLE) and found that the vast majority of cell lines have low or undetectable levels of *CATACOMB,* while U2OS and DAOY are the two cell lines with the highest expression ([Fig. 3A](#F3){ref-type="fig"}) ([@R19]).

![CATACOMB expression and interaction with PRC2 complex are induced by DNA demethylation.\
(**A**) CCLE-generated scatterplot to quantify CATACOMB expression and *CATACOMB* locus methylation levels using 826 different cell lines, each represented by a dot. The *x* axis represents mRNA expression levels (cells with values below 0 have no or negligible expression), and the *y* axis represents DNA methylation levels (0 to 1 values range from unmethylated to fully methylated). (**B**) Top: Schematic representation of the *CATACOMB* locus with the associated CpG island from the hg19 genome assembly. Middle: Star Wars plots of CG methylation status of the *CATACOMB*-associated CpG island during a time course with 10 μM 5-AZA treatment in 293T cells. Dimethyl sulfoxide (DMSO) (vehicle control) and the time points of treatment are indicated above. The red circles indicate the mean levels of CG methylation for each time point. Error bars represent SEs. Bottom: Same as in (B) showing total distribution of CG methylation at each time point. (**C**) Western blotting of total cell extracts from a time course treatment in 293T and 293T *CATACOMB* KO cells after a single administration of 10 μM 5-AZA. Antibodies used for Western blotting are indicated in the panel. H3 served as a loading control. (**D**). FLAG-IP in 293T cells that are WT or express FLAG-HA EZH2. Both cell lines were treated with either 10 μM 5-AZA or DMSO (vehicle control) for a week. In both cells lines, we expressed FLAG-HA CATACOMB. Ten percent of the input and 50% of the IP material were loaded for Western blot analysis. Antibodies used for Western blotting are indicated in the panel.](aax2887-F3){#F3}

In addition to gene expression data, the CCLE also contains information about the DNA methylation status of genes. The *CATACOMB* locus exhibits high levels of DNA methylation in most of the cell lines, possibly explaining why this gene is not more broadly expressed ([Fig. 3A](#F3){ref-type="fig"}). Notably, this locus contains a large CpG island that spans more than half of the gene ([Fig. 3B](#F3){ref-type="fig"}). In 293T cells, this CpG island is heavily methylated (β score, \~0.9), and the methylation levels can be strongly reduced by a single treatment with the demethylating agent 5-azacytidine (5-AZA) ([Fig. 3B](#F3){ref-type="fig"}). *CATACOMB* CpG island methylation decreased for 2 to 3 days before beginning to recover, likely through replication-dependent dilution of the 5-AZA ([Fig. 3B](#F3){ref-type="fig"}). The loss of *CATACOMB* CpG island methylation induced by the 5-AZA treatment anticorrelates with CATACOMB protein levels, suggesting that this gene might be activated by DNA demethylation ([Fig. 3, B and C](#F3){ref-type="fig"}). Global H3K27me2/3 levels anticorrelate with CATACOMB levels during the 6-day time course following a single dose of 5-AZA treatment ([Fig. 3C](#F3){ref-type="fig"}). Using isogenic 293T *CATACOMB* knockout (KO), we were able to largely rescue the decline of H3K27me2/3 levels ([Fig. 3C](#F3){ref-type="fig"}). This indicates that the drop in the levels of these PRC2-deposited histone marks upon 5-AZA treatment is mainly due to CATACOMB induction. Global EZH2 levels did not show any major change besides a slight increase between 2 and 3 days after treatment; similarly, the PRC1 catalytic product is also largely unaffected by the treatment with 5-AZA ([Fig. 3C](#F3){ref-type="fig"}).

To extend our observation to other cell lines with similarly high levels of DNA methylation at the *CATACOMB* locus and negligible or no CATACOMB expression, we treated HCT-116 colorectal cancer cells with 5-AZA ([Fig. 3A](#F3){ref-type="fig"}). Unexpectedly, no CATACOMB protein could be detected following a single dose of 5-AZA treatment in HCT-116 cells, while the same treatment in 293T cells resulted in substantial CATACOMB protein levels (fig. S4B). However, despite a similar reduction in the DNA methylation at the *CATACOMB* locus in both HCT-116 and 293T cells after 24 hours of treatment with 5-AZA, the DNA methylation levels at that specific locus recover much faster in HCT-116 compared with 293T cells ([Fig. 3B](#F3){ref-type="fig"} and fig. S4C). To understand whether failure of HCT-116 to express CATACOMB might be due to insufficient demethylation of the *CATACOMB* locus, we performed a 4-day treatment with 5-aza-2′-deoxycytidine (D-AZA) administered every day. This treatment regimen led to a transcriptional expression of *CATACOMB* after 4 days (fig. S4D). Analysis of the reads obtained in the RNA sequencing (RNA-seq) experiments revealed a frameshift mutation at the 300th amino acid residue of CATACOMB in HCT-116 cells, which is consistent with previous studies (fig. S4E) ([@R19]). Therefore, we conclude that the lack of sufficient demethylation and/or the presence of a frameshift mutation in the *CATACOMB* gene in HCT-116 cells might explain the absence of the CATACOMB protein upon single treatment with 5-AZA.

To confirm that the 5-AZA inducible CATACOMB can be incorporated into PRC2, IP with FLAG-EZH2 was performed in 293T cells treated with 5-AZA. We found that the endogenous inducible CATACOMB is efficiently incorporated in PRC2 ([Fig. 3D](#F3){ref-type="fig"}). The interaction between EZH2 and the accessory subunits AEBP2 and JARID2 is strongly inhibited by the 5-AZA treatment. Together, these data indicate that CATACOMB is a DNA demethylation--inducible subunit of PRC2.

CATACOMB and PRC2 catalytic activity are required for cellular proliferation
----------------------------------------------------------------------------

To further investigate the role of CATACOMB in cells in which it is normally expressed, we turned to U2OS cells. The endogenous binding between CATACOMB and PRC2 subunits in U2OS was reported in a prior study ([@R10]). To estimate the fraction of PRC2 interacting with CATACOMB, we performed size exclusion chromatography with U2OS nuclear extracts. We found very similar elution profiles of the core PRC2 subunits and CATACOMB, suggesting that a substantial fraction of CATACOMB is incorporated into PRC2 (fig. S5A). Since we were unable to detect any H3K27me3 as determined by Western blotting ([Fig. 4A](#F4){ref-type="fig"}) ([@R20]), we therefore asked whether KO of *CATACOMB* in U2OS cells could lead to increased H3K27me3 levels or whether it would cause any phenotypic change in the cells. Using CRISPR-Cas9 technology, we generated two *CATACOMB* KO U2OS clones that show statistically significant difference in the proliferation rate compared with the wild-type U2OS parental cell line ([Fig. 4A](#F4){ref-type="fig"}). The H3K27me2/3 levels that are undetectable in wild-type U2OS can be detected in the *CATACOMB* KO U2OS clones ([Fig. 4A](#F4){ref-type="fig"}), further supporting that CATACOMB functions in reducing H3K27me2/3 levels. It is also worth mentioning that while the proliferation rate difference is quite modest for clone \#1 compared with the parental cells, this difference is more pronounced for clone \#2, which shows even higher H3K27me3 and lower H3K27me2 levels than those in clone \#1 ([Fig. 4A](#F4){ref-type="fig"}).

![CATACOMB and PRC2 catalytic activity are required for U2OS proliferation.\
(**A**) Left: Growth curve comparison between U2OS WT parental cells and U2OS *CATACOMB* KO clones. Absorbance of crystal violet in 10% acetic acid was used to represent the cell number and plotted as optical density (OD) (λ = 590). *n* = 3. Error bars represent SDs. Right: Western blotting of total cell extracts from cells described in the left part of the panel. Antibodies used for Western blotting are indicated in the panel. H3 served as a loading control. *P* values were calculated using the areas under the curves. (**B**) Left: Growth curve comparison between U2OS cells treated with 5 μM EPZ6438 (EZH2 inhibitor) or DMSO (vehicle control). Cells were pretreated for 6 days, every other day for 6 days, and kept on the same regimen during the 5 days that the proliferation was assessed. Absorbance of crystal violet in 10% acetic acid was used to represent the cell number and plotted as OD (λ = 590). *n* = 3. Error bars represent SDs. Right: Western blotting of total cell extracts from cells shown in the left panel. Antibodies used for Western blotting are indicated in the panel. H3 served as a loading control. (**C**) Working model proposed by our study. *CATACOMB* is kept silenced by DNA methylation; once demethylation occurs, the gene is activated, the protein product binds to the PRC2, and through the conserved M406 residue decreases PRC2 activity. Single methionine-to-lysine mutation (M406K) abolishes CATACOMB inhibitory activity toward PRC2 without disrupting the binding between CATACOMB and PRC2.](aax2887-F4){#F4}

Although H3K27me3 is undetectable in wild-type U2OS cells by Western blotting, H3K27me3 can be detected by chromatin IP followed by sequencing (ChIP-seq) ([@R21]). This closely resembles the molecular features of the H3K27M-positive midline glioma cells that have undetectable levels of H3K27me3 as determined by Western blotting or immunohistochemistry, but appreciable H3K27me3 can be identified by ChIP-seq ([@R22]--[@R24]). In addition, depleting CATACOMB from U2OS or depleting H3K27M from midline glioma cells is correlated with increased H3K27me2/3 levels ([Fig. 4A](#F4){ref-type="fig"} and fig. S4B) ([@R25]). Although this might be interpreted as a tumor-suppressive role for PRC2 catalytic activity in U2OS cells, just as in midline glioma cells, treatment with an EZH2 catalytic inhibitor has a significant negative effect on cell proliferation ([Fig. 4B](#F4){ref-type="fig"}). Other studies using an RNA interference approach against PRC2 subunits in U2OS cells also found that PRC2 was required for cell proliferation in U2OS cells ([@R26], [@R27]). To demonstrate effective target inhibition of PRC2 by EPZ6438 in U2OS cells, we probed H3K27me1 levels, the only PRC2-implemented histone modification we were able to detect by Western blot analysis in U2OS wild-type cells ([@R28]). Treatment with the EZH2 catalytic inhibitor led to a strong decrease in H3K27me1 levels in U2OS cells compared with those in DMSO-treated cells ([Fig. 4B](#F4){ref-type="fig"}).

It is important to underline that the proliferation defect induced by EPZ6438 is independent of the transcriptional activation of the *CDKN2A* locus, a well-known PRC2 target in several cell types (fig. S5C). This is in complete agreement with previous studies, and it is consistent with the fact that the *CDKN2A* locus is methylated at the DNA level in U2OS cells ([@R29]). This further supports the idea that PRC2-mediated proliferation control is largely CDKN2A independent ([@R22], [@R30]). Together, these results point toward oncogenic and tumor-suppressive functions for PRC2 catalytic activity in CATACOMB-expressing cells. These dual functions might be explained by aberrant genomic distribution of PRC2 and its activity that, at the same time, restrains transcription of tumor suppressor genes (e.g., pro-differentiation genes, cell cycle inhibitors) and releases repression of proto-oncogenes (e.g., stem cell--specific transcription factors).

DISCUSSION
==========

Increasing evidence points toward chromatin dysfunction as a hallmark of cancer ([@R31]) with a large number of chromatin modifier genes mutated across multiple cancer subtypes ([@R32]). ESSs have a particular recurrent genetic alteration that involves chromosomal translocations fusing several genes encoding subunits of the NuA4 acetyltransferase complex to the PRC2 methyltransferase complex. The most common translocation found in ESSs is the *JAZF1-SUZ12* fusion ([@R5]). Despite its frequent translocation in ESS, the molecular function of JAZF1 was unknown prior to this study. We identify JAZF1 as a bona fide NuA4-interacting protein and also shows that the JAZF1-SUZ12 fusion protein retains the ability to interact with both NuA4 and PRC2 acting de facto as a molecular bridge between the two complexes ([Fig. 1, A and B](#F1){ref-type="fig"}, and fig. S1C).

In this study, we also identified interesting biochemical properties of CATACOMB, the C-terminal partner of the putative fusion protein MBTD1-CATACOMB ([@R8]). While MBTD1 is a known subunit of NuA4, CATACOMB was only recently identified as a PRC2-interacting protein ([@R10], [@R33]). We demonstrate that the putative MBTD1-CATACOMB binds both the TRRAP (NuA4 subunit) and PRC2 core subunits (EZH2 and SUZ12) and that the CATACOMB moiety, but not MBTD1, is required for binding to PRC2. Furthermore, we prove that the MBTD1-CATACOMB putative fusion is able to induce global reduction of the H3K27me2/3 levels in cells ([Fig. 1E](#F1){ref-type="fig"}). Further investigation into the 3′ half of *CATACOMB* contained in the chromosomal translocation unexpectedly revealed a conserved sequence that is essential for the ability of CATACOMB to suppress cellular H3K27me2/3 levels ([Fig. 2, A and B](#F2){ref-type="fig"}, and fig. S2, A and B). A methionine residue (M406) contained in this conserved region is crucial for this activity ([Fig. 2C](#F2){ref-type="fig"}). Notably, the surrounding region of the M406 is similar to the sequence surrounding M27 in the H3K27M histone mutant that can also cause global reduction of the global H3K27me2/3 levels ([Fig. 2A](#F2){ref-type="fig"}) ([@R34]). It is although worth recognizing that substitution of the CATACOMB M406 with other hydrophobic amino acids such as isoleucine or alanine does not alter CATACOMB's ability to reduce H3K27me2/3 levels (fig. S3A). However, only the lysine-to-methionine or lysine-to-isoleucine H3K27 histone mutants, but not any other substitution to other hydrophobic amino acids (such as alanine), are able to reduce H3K27me2/3 levels ([@R13]). This suggests structural differences in the inhibitory regions of these two proteins.

We demonstrated that CATACOMB binding to PRC2 is not mediated by the inhibitory M406 residue or the immediately surrounding conserved region. It is also important to reiterate that the SET domain of EZH2, essential for H3K27me3 catalysis, is not essential for the binding to CATACOMB ([Fig. 2, D to F](#F2){ref-type="fig"}). Similarly, PRC2 binding to H3K27M-containing nucleosomes is not dominated by the M27 residue but rather is mediated by the DNA, although, as in CATACOMB, the methionine residue is definitely required for the inhibitory effect on the PRC2 ([@R34], [@R35]).

Histone H3K27M and CATACOMB expression are mutually exclusive in a subgroup of posterior fossa ependymomas, and a subset of ependymomas were previously reported to be characterized by very low H3K27me3 levels ([@R10], [@R36]). This reinforces the idea that H3K27M and CATACOMB have similar molecular and pathological functions. However, while the H3K27M presence correlates with a poorer prognosis in midline gliomas ([@R37]), there is currently no evidence that CATACOMB expression is a negative prognostic factor in ependymomas. Nonetheless, previous studies implicated a worse overall survival in patients with ependymoma bearing tumors with low H3K27me3 levels and also in patients belonging to the molecular group A (high levels of *CATACOMB*) compared with patients belonging to the group B (low or absent levels of *CATACOMB*) ([@R10], [@R36], [@R38]). Given the high expression levels of CATACOMB in group A posterior ependymoma fossa and the ability to reduce global H3K27me3 levels, it is reasonable to anticipate its potential role as a negative prognostic factor in these tumors. The two known ESSs bearing *MBTD1-CATACOMB* chromosomal translocation were classified as FIGO (International Federation of Gynecology and Obstetrics) stage III ([@R10]). This is an advanced stage for low-grade ESS ([@R7]), hypothetically supporting a correlation between advanced-stage low-grade ESS and the presence of this specific chromosomal translocation; however, the very small number of cases precludes any solid conclusion.

The architecture of the *CATACOMB* gene locus is quite remarkable. A large CpG island represents more than half of the gene and is generally methylated in cell lines ([Fig. 3A](#F3){ref-type="fig"}). We show that treatment with a demethylating agent can activate the expression of this gene and, at least in one cell line, lead to protein accumulation ([Fig. 3, B and C](#F3){ref-type="fig"}). The reduction of the H3K27me2/3 levels upon 5-AZA treatment is largely dependent on CATACOMB induction, which is efficiently incorporated into PRC2. CATACOMB, to the best of our knowledge, is the only DNA demethylation--inducible subunit incorporated into a chromatin modifier multiprotein complex ([Figs. 3D](#F3){ref-type="fig"} and [4C](#F4){ref-type="fig"}).

The inducibility of CATACOMB might have important functions during development and implications for oncogenesis. An interesting but largely speculative possibility at the moment could be that the large CpG island in the *CATACOMB* locus works as a sensor of global CpG methylation levels, whereby global reductions in DNA methylation lead to induction of CATACOMB transcription, with the resulting protein attenuating PRC2 activity to prevent aberrant H3K27me2/3 deposition at newly DNA-demethylated CpG islands, the classic targeting sequence for PRC2 ([@R39]). Several lines of evidence already support this idea, including the expression of CATACOMB in globally DNA-hypomethylated tumors ([@R36]) and the mislocalization of PRC2 and H3K27me3 in DNA methylation--deficient cells ([@R40]). It is also worth noting that H3K27M histone mutant--positive high-grade gliomas are also characterized by global DNA hypomethylation ([@R41]). Therefore, it would not be unexpected if H3K27M and CATACOMB play the same pathological role in hypomethylated tumors.

In accordance with the same line of thought, it is worth noticing that CATACOMB is also highly expressed in placental trophoblasts ([@R42]). This is not completely unexpected since CATACOMB is a eutherian-specific gene; therefore, it seems plausible that it might play a role during placenta development. While after the first wave of global demethylation the inner cell mass cells establish de novo methylation, the DNA in the trophectoderm-derived trophoblasts remain hypomethylated, potentially explaining the high expression of CATACOMB in these specific cells ([@R43]).

While our manuscript was under review, another study reached similar conclusions about the role of CXORF67 (CATACOMB) as an endogenous analog of the H3K27M histone mutant and named the gene *EZHIP*, which is now the official gene symbol ([@R44]). In this study, the authors also showed the direct PRC2 inhibitory ability of CATACOMB by performing a PRC2 methyltransferase in vitro assay in the presence of a peptide generated from the conserved region of CATACOMB.

In conclusion, it is important to underline the contribution of chromatin pathway deregulation in cancer and how much can be learned from seemingly peculiar alterations that occur in very rare tumors such as ESS. These results can be applied to the biology of other tumors or even to normal biological processes and can help move forward our understanding of how these large multiprotein chromatin modifier complexes work in cellular and developmental contexts. Our findings in this study demonstrate that an endogenous inducible gene, *CATACOMB*, once expressed, can regulate the catalytic activity of PRC2 and opens the possibility that this mechanism of regulation of histone modifications through the expression of antagonistic subunits may also exist for Trithorax and other histone-modifying enzyme complexes.

MATERIALS AND METHODS
=====================

Cell lines, transfection, and viral transduction
------------------------------------------------

293T, HCT-116, and U2OS were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Gaithersburg, MD) containing 10% fetal bovine serum (Sigma-Aldrich) and 1% penicillin/streptomycin (Gibco) in a CO~2~ incubator (5% CO~2~) with normal atmospheric oxygen tension (\~21% O~2~). mESCs were grown in 2i medium as described in a previous study ([@R16]). Human primary endometrial stromal cells (hEnSCs) were derived and maintained in culture as previously described ([@R9]). Low-passage (up to 12) hEnSCs were used to perform the experiments described in this study. Transfections and viral transduction were performed using previously described methods ([@R30]). Specifically for hEnSC viral transduction, we used concentrated virus stocks. These were generated by ultracentrifugation at 25,000 rpm for 2.5 hours of supernatant containing virus using 32.4-ml OptiSeal tubes (Beckman Coulter) with the SW 32 Ti rotor (Beckman Coulter) and the Optima XPN-100 ultracentrifuge (Beckman Coulter). In this case, 2 × 10^6^ hEnSCs were infected by adding lentivirus particles coming from the equivalent of two 10-cm dish (approximately 20 ml) supernatants resuspended in 10 to 20 μl of DMEM in hEnSC-specific medium ([@R9]). Polybrene was added as previously described ([@R30]). The multiplicity of infection for hEnSC used was \~1. All the cells transduced with lentivirus were positively selected using the appropriate antibiotic according to the resistance expressed by the lentiviral vector \[puromycin (2 μg/ml), hygromycin (300 to 500 μg/ml), and neomycin (500 to 900 μg/ml)\] until untransduced control cells treated with antibiotic were cleared from the plate. All the cells presented expressing exogenous proteins in this study were stably transduced unless indicated in the figure legend.

Vectors and cloning
-------------------

*JAZF1*, *JAZF1-SUZ12*, and *MBTD1* cDNA used in this study were cloned as gBlocks (IDT) using Gibson Assembly (E5510, New England BioLabs) into kanamycin-resistant pUC57 containing AttL sites for Gateway recombination. All the reactions were performed according to the manufacturer's instructions. We used EF1α HA-FLAG PURO DEST (gift from D. Pasini) and pLenti CMV Hygro DEST (a gift from E. Campeau and P. Kaufman; \#17454, Addgene) destination vectors. *CATACOMB* cDNA was generated as a polymerase chain reaction (PCR) product from pCMV SPORT6 *CATACOMB* (MHS6278-202759346, Dharmacon) and cloned into kanamycin-resistant pUC57 by Gibson Assembly. All mutations reported in this study were generated by PCR in the pUC57 *CATACOMB* plasmid. *CATACOMB* cDNA was then shuffled into destination vectors by Gateway recombination. The *MBTD1-CATACOMB* fusion gene was generated by digesting pUC57 *CATACOMB* plasmid with BmgBI restriction enzyme and inserting a *MBTD1* cDNA gBlock (IDT) lacking the last 139 nucleotides by Gibson Assembly. We then removed unnecessary DNA sequences by PCR and obtained a *MBTD1-CATACOMB cDNA* as identified in two ESS samples ([@R8]). The resulting cDNA was shuffled in EF1α HA-FLAG PURO DEST by Gibson Assembly. All the vectors used in this study were Sanger sequence verified.

IP and mass spectrometry
------------------------

Total cell pellets were incubated with nuclear prep \[10 mM tris-HCl (pH 7.6), 100 mM NaCl, 2 mM MgCl~2~, 0.3 M sucrose, 0.25% NP-40\] supplemented with protein inhibitor cocktail (Roche) for 10 min at 4°C. Nuclei were collected after brief centrifugation and lysed in S300 buffer \[25 mM tris-HCl (pH 7.6), 300 mM NaCl, 10% glycerol, 0.25% NP-40\] supplemented with a protease inhibitor cocktail (Roche). Samples were cleared from insoluble material by centrifugation at 20,000*g* for 15 min at 4°C. IP was performed using anti-FLAG agarose beads (M2, Sigma-Aldrich) with overnight rocking at 4°C.Beads were then washed five times using S300 buffer. Elution was performed using 3X FLAG peptide (200 μg/ml) (APExBIO) added to the elution buffer (tris-buffered saline 1X, 50 mM NaCl) for mass spectrometry or S300 for Western blot and incubated with rocking at 4°C for 30 min. Eluted proteins were mixed 1:1 with 2X Laemmli buffer for Western blot. Input (15%) was saved before FLAG-IP and mixed 1:1 with 2X Laemmli buffer for Western blot. For mass spectrometry, eluted proteins were precipitated O/N on ice with 60 mM tris-HCl (pH 8.5) and 20% trichloroacetic acid. Tubes containing precipitated proteins were centrifuged at 20,000*g* for 1 hour at 4°C.The supernatant was gently discarded, and the pellet was washed twice with ice-cold acetone. Any residual acetone was carefully removed, and the protein pellet was processed for mass spectrometry. Mass spectrometry analysis was performed as described in a previous study ([@R45]).

Western blot and antibodies
---------------------------

For total cell extracts, cell pellets were lysed using S300 buffer and incubated on ice for 5 min. After incubation, samples were sonicated for 5 min (30 s on +30 s off) using Bioruptor Pico (Diagenode) at 4°C. Total protein concentration of each sample was determined using Bradford reagent (Sigma-Aldrich) and then normalized across samples. Samples were then mixed 1:4 with 4X Laemmli and boiled for 5 min. For chromatin extract, cell pellets were incubated with S300 buffer for 5 min on ice and then centrifuged at 20,000*g* for 15 min at 4°C. The pellet obtained was washed once with buffer S300 and centrifuged at 20,000*g* for 15 min at 4°C. The pellet was then resuspended in 2X Laemmli, boiled for 10 min, then sonicated for 5 min (30 s on +30 s off) using Bioruptor Pico (Diagenode) at room temperature. The sample was then boiled again for 5 min. SDS--polyacrylamide gel electrophoresis and Western blotting were performed as previously described ([@R30]). Primary antibodies used were the as follows: 1:1000 anti-TRRAP antibody (EPR14952) (\#ab183517, Abcam), 1:1000 anti-BRD8 antibody (\#A300-219A-M, Bethyl), 1:1000 anti-DMAP1 (\#PA1-886, Thermo Fisher Scientific), 1:1000 anti-SUZ12 (\#sc-46264, Santa Cruz), 1:1000 anti-EZH2 (\#5246, Cell Signaling Technology), 1:1000 anti-FLAG (\#F3165, Sigma-Aldrich), 1:1000 anti-HA (HA-Tag \#3724, Cell Signaling Technology), 1:1000 anti-H3K27me2 (\#9728, Cell Signaling Technology), 1:1000 anti-H3K27me3 (\#9733, Cell Signaling Technology), 1:1000 H3K27ac (\#8173, Cell Signaling Technology), 1:1000 anti-CXORF67 (\#HPA004003, Sigma-Aldrich), or affinity-purified anti-CATACOMB (1 μg/ml) (homemade rabbit polyclonal raised against a C-terminal region of the protein), 1:1000 anti-JARID2 (\#13594, Cell Signaling Technology), 1:1000 anti-AEBP2 (\#14129, Cell Signaling Technology), 1:1000 anti--β-tubulin (\#sc-9104, Santa Cruz), 1:1000 H3K27me1 (\#07-448, Sigma-Aldrich), and 1:1000 anti-H3 (\#14269S, Cell Signaling Technology). Appropriate secondary antibodies according to primary hosts were used as previously described ([@R30]).

DNA methylation analysis
------------------------

Modified reduced representation bisulfite sequencing (RRBS) was performed as previously described ([@R46]--[@R48]).

CRISPR-mediated gene editing
----------------------------

To generate U2OS and 293T *CATACOMB* KO cells, we used two guides (sequence 1: 5′-CACCGCAACCAGGGTCGACCCCAG-3′; sequence 2: 5′-CACCGACAGCAGGTTAAGTGCTAGG-3′); each of them was cloned in pX459 V2.0 (a gift from F. Zhang, Addgene plasmid \#62988). Both plasmids were cotransfected in U2OS using Lipofectamine 3000 (Thermo Fisher Scientific) or using calcium phosphate in 293T. Cells were selected with puromycin (2 μg/ml) for 2 days and then switched to medium without antibiotic to avoid plasmid integration. Clones were then obtained by limited dilution single cell cloning. Clones were screened by PCR for *CATACOMB* locus deletion and then verified by Western blot analysis. To generate the mESC *Ezh2*Δ*SET*, we used two guides (sequence 1: 5′-CACCGGGGTCTAGTGATTCCCCTC-3′; sequence 2: 5′-CACCGTTTCACGTAAGTACTCCAG-3′); each of them was cloned in pX459 V2.0. Both plasmids were electoporated in mESCs. Cells were selected with puromycin (2 μg/ml) for 2 days and then switched to medium without antibiotic to avoid plasmid integration. Cells were then plated at low density, and single colonies were picked. Clones were screened by PCR for the *Ezh2* SET domain deletion and then verified by Western blot.

Cell growth and treatments
--------------------------

293T and HCT-116 cells were treated with 10 μM 5-AZA (Sigma-Aldrich) dissolved in DMSO. Treatment was administered only once for each time course experiment performed in this study. HCT-116 was also treated for 4 days with daily administration of 10 μM 5-aza-2′-deoxycytidine. DMSO was used as vehicle control. U2OS cells were treated with 5 μM EZH2 inhibitor EPZ6438 (Selleckchem) dissolved in DMSO. EPZ6438 treatment was administered every other day for the entire duration of the experiment (6 days pretreatment +5 days growth curve). DMSO was used as vehicle control. Growth curves were performed as previously described ([@R30]).

Size exclusion chromatography
-----------------------------

U2OS nuclear extracts were prepared as previously described (IP and mass spectrometry section). One hundred microliters of extract with a concentration of 10 μg/μl was fractioned by size exclusion chromatography over a Superose 6 PC 3.2/30. Fractions were then analyzed by Western blot.

Fluorescence-activated cell sorting analysis
--------------------------------------------

U2OS nuclei were stained for 20 min using 1:100 Alexa Fluor 647--conjugated anti-H3K27me3 antibody in phosphate-buffered saline 0.1% bovine serum albumin and then washed twice with the same buffer before fluorescence-activated cell sorting (FACS) analysis. Unstained cells were used as negative control. Cells were analyzed by FACS as previously described ([@R30]).

Protein sequence analysis
-------------------------

Database (refseq_protein, 30 July 2018) searches were performed with PSI-BLAST ([@R49]). Representative sequences were aligned with MUSCLE ([@R50]) and displayed with JALVIEW ([@R51]). The phylogenetic relationship of species with CATACOMB homologs was estimated by TimeTree ([@R52]), with *Tupaia glis* representing the *Tupaia* genus in TimeTree. The tree was visualized at the iTOL server [itol.embl.de](http://itol.embl.de) ([@R53]). Marsupial and Monotreme genomes were also searched with tblastn using CATACOMB sequences from various eutherian clades to exclude the possibility that the failure to identify CATACOMB homologs outside eutheria with PSI-BLAST was due to lack of proper gene prediction.

RNA extraction and RNA-seq
--------------------------

RNA extraction and RNA-seq were performed as described in our previous study ([@R22]).
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Fig. S1. JAZF1-SUZ12 is a molecular bridge between NuA4 and PRC2.

Fig. S2. CATACOMB is a eutherian-specific gene.

Fig. S3. CATACOMB M406I/A and two deletion mutants retain the ability to reduce H3K27me2/3 levels in the cells.

Fig. S4. CATACOMB expression in different cells is achieved by different demethylating agent treatment regimen.

Fig. S5. H3K27me3 is present in U2OS and increases upon CATACOMB KO.

Table S1. FLAG-IP mass spectrometry results from hEnSC, expressing JAZF1-SUZ12 fusion, SUZ12 full length, or JAZF1 full length.
